Oil-immersed insulation paper (OIP) bushing is one of the most important equipment in power transmission and distribution systems. Moisture is one of the most serious factors that affect the insulation status of OIP bushing. In this paper, the OIP bushing was assumed to be in a stable and simplicity condition, and then the transient moisture distribution of capacitor core and its effects on the electric field were studied. First, by dissecting a 110 kV OIP bushing, the specific sizes for modelling were obtained. Afterwards, a moisture diffusion model for OIP bushing was established based on COMSOL Multiphysics software, and it was also verified by moisture diffusion experiment. Then, the moisture distribution for different conditions were obtained and analyzed. Finally, a model for the electric field of OIP bushing was established, and then the effects of moisture on the electric field were studied.
I. INTRODUCTION
Oil-immersed insulation paper (OIP) bushing provides a connection between the external high-voltage bus and the internal winding of oil-immersed transformer, which is one of the most important equipment in power transmission and distribution systems [1] , [2] . Figure 1 shows the structure of OIP bushing. Out of Figure 1(a) , the main components of OIP bushing are oil pillow, connecting terminal, measuring terminal, up porcelain, capacitor core, low porcelain and grading ring. The external insulation of OIP bushing are up porcelain and low porcelain, and the internal insulation is capacitor core. Figure 1(b) shows the structure of capacitor core. The conductive tube of the OIP bushing is an aluminum tube, and then the insulation paper and aluminum foil are alternately wound on the aluminum tube tightly. The aluminum foil can homogenize the electric field. Finally, the capacitor core is immersed in insulation oil. For the OIP bushings with The associate editor coordinating the review of this manuscript and approving it for publication was Boxue Du . different voltage levels, their sizes are different, however, their structures are the same.
In the designing process of capacitor core, the electric field distribution is the primary concern, and two rules must be VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ followed: 1) harmful partial discharge cannot be occurred at the maximum working voltage; 2) axial flashover cannot be occurred under the effects of the breakdown voltage with rated power frequency [3] . There are two main methods for capacitor core designing, i.e., iso-capacitance method and the iso-margin method [4] . The capacitance between adjacent two layers of aluminum foil is the same in the capacitor core designed by iso-capacitance method. However, the margin of partial discharge for each layer is different. With respect to the iso-margin method, the margin of partial discharge between adjacent two layers of aluminum foil is the same. For an OIP bushing, the distribution of electric field is a most important issue for testifying and optimizing the design [5] . In field, an oil-immersed transformer can be cooled by some active cooling methods, such as oil pumps, a radiator, and fans, which force the bulk oil to circulate and efficiently cool down the transformer. Unlike the transformer, an OIP bushing has very confined space and limited oil, then the above cooling method are reactive. Hence, the overload capability of OIP bushing is restricted, and the temperature field distribution should be clear before evaluating the overload capability of an OIP bushing [6] , [7] . Besides, temperature is the fundamental and direct factor that determines the thermal aging status of oil-paper insulation, thus for estimating the life-span of OIP bushing, the temperature field distribution should also be clear [8] - [10] . In terms of the thermal sources of an operating OIP bushing, the dielectric loss of insulation under the effects of applied electric field is one of the most important sources [11] , [12] . The dielectrics loss of insulation is mainly affected by the electric field and the physicochemical properties of the insulation materials [13] , [14] . In order to estimate the dielectric loss effectively, the characteristics of electric field distribution should be clear since the electric field in OIP bushing distributes non-uniformly. Therefore, studying the distribution of electric field is the basis of studies on temperature field distribution. During operation, OIP bushings are subjected to many different stresses, such as electricity, heat, chemicals, and machinery, which lead to the aging and deterioration of oilimmersed insulation paper, directly affecting the equipment's reliability. What should be noted is that moisture can be produced during the thermal aging process of the internal insulation. Besides, due to the loose of nut, cracks in external insulation and poor sealing of oil pillow, the invasion of external moisture from the environment is the main way in field [15] , [16] . For oil-immersed insulation paper, moisture is a harmful agent that catalyzes the thermal aging reactions and accelerates the aging process, which reduces the dielectric strength, decreases the partial-discharge inception voltage and increases the fault probability [17] . Therefore, many scholars have studied the moisture estimation for OIP bushing. A geometric model for OIP bushing was reported in [18] , and this model can be used to evaluate moisture content ranging from 0.2 to 4.0%. In addition, a quantitative diagnosis method for the moisture content in OIP bushing was proposed by using the frequency domain dielectric (FDS) method and the polarization and depolarization current (PDC) method [19] . For discriminating the effects of thermal aging and moisture on the results of FDS test, our research group proposed a method based on multi-class least square support vector machines (LS-SVM) optimized by cuckoo search (CS) algorithm [20] . The above reported studies have made contribution to the moisture estimation of OIP bushing. However, the reported studies mainly focus on the moisture estimation for OIP bushing, and the characteristics of moisture distribution in OIP bushing have not been reported and are not clear. Since the physicochemical properties changes of insulation caused by the changes of moisture content would affect the electric field, hence, the effects of moisture on the distribution of electric field are not clear for OIP bushing. Furthermore, the optimization and studies on temperature field for OIP bushing are also restricted. Thus, it is necessary study the characteristics of moisture diffusion and corresponding effects on the electric field for OIP bushing.
In this paper, the transient moisture distribution and effects on the electric field were studied as follows. First, by dissecting a 110 kV OIP bushing, the specific sizes for modelling were obtained. Afterwards, a moisture diffusion model for OIP bushing was established based on COMSOL Multiphysics software, and it was also verified by moisture diffusion experiment using another 110 kV OIP bushing. Then, the moisture distribution for different conditions were obtained and analyzed. Finally, a model for the electric field of OIP bushing was established, and then the effects of moisture on the electric field were studied.
II. MOISTURE DIFFUSION MODLE AND VERIFICATION FOR A 110 kV OIP BUSHING
In this section, a 110 kV OIP bushing manufactured by Xi'an XD High Voltage Bushing Co., Ltd was dissected in our laboratory, and the specific size of the capacitor core was measured and obtained. Afterwards, a finite element model for the 110 kV OIP bushing was established based on COMSOL Multiphysics software. Finally, the established model was verified by moisture diffusion experiment.
A. DISSECTION AND SIZE MEASUREMENT
In the dissecting process, the OIP bushing was placed vertically with the aid of the suspension beam, and the oil pillow was at the bottom. Then, the oil injection hole was opened, and the insulation oil in the OIP bushing flowed out. After the insulation oil was clean, the OIP bushing was dissected as shown in Figure 1 (a). The first step was the disassembly of the oil pillow, and then the external insulation was dismantled. Finally, the capacitor core can be obtained. Afterwards, the capacitor core was dissected as shown in Figure 1(b) , meanwhile, the specific size for each layer was measured by using Vernier caliper. The specific size of the capacitor core can be seen in Table 1 . 
B. SIMULATION MODEL OF MOISTURE DIFFUSION
According to the specific sizes shown in Table 1 , a finite element model was established based on COMSOL Multiphysics software. Since the capacitor core is strict axisymmetric, for convenience of calculation, two-dimensional and axisymmetric simulation model for half of the capacitor core was established as shown in Figure 3 . The outer diameter of the conductive tube was 46 mm, and its length was 2340 mm.
1) GOVERNING EQUATION
In the simulation model, the moisture diffusion in the capacitor core obeys the Fick's second diffusion law [21] - [23] , i.e.: here, C paper is the local moisture concentration in the insulation paper, expressed in wt%, t is the diffusion time. D r and D z are the diffusion factors along the radial direction (r-axis in Figure 3 ) and axial direction (z-axis in Figure 3 ) respectively, and they all have the following expression [21] :
here, D 0 = 1.34 × 10 −13 m 2 /s, k = 0.5, E a = 8074 J/K and T 0 = 298 K. T is the experimental temperature in Kelvin.
2) BOUNDARY CONDITIONS
In the simulation model, the following assumption was employed in the moisture diffusion simulation: When the moisture diffuses in the capacitor core, it will not diffuse into the inner layer of the capacitor core along the radial direction due to the blocking effect of the aluminum foil, and instead, the moisture diffuses along the axial direction into these parts. In other words, in the parts covered by aluminum foil, the value of D r equal to 0. Compared with the moisture diffusion in insulation paper, the moisture molecules can quickly and continuously diffuse from the invasion point to other parts in the insulation oil. Thus, in the simulation model, the moisture content of insulation oil (C oil ) outside the capacitor core is constant. In the simulation model, the moisture content of the surface of insulation paper in contact with insulation oil was the equilibrium moisture content. As shown in Figure 4 , the moisture contents of the boundary layers in the simulation model were set to be the equilibrium moisture content. In addition, the insulation paper attached to the aluminum tube was set as one-sided moisture permeability. The equilibrium moisture content of insulation paper has the following relation with the moisture content of insulation oil [24] :
here,C paper_equilibrium is the equilibrium moisture content of insulation paper, A is a parameter,p v (C oil ) is the moisture partial pressure (in atm) which is the function of C oil , which can be expressed as [25] :
here, HR oil is the relative saturation of insulation oil; p v,sat is the moisture partial pressure in saturation condition; C oil_sat is the moisture content of insulation oil in saturation condition, which can be obtained from the following equation.
here, B and C are specific coefficients, which are 7.288 and 1646.897 for mineral oil [25] . Besides, the moisture partial pressure in saturation condition can be obtained from the following relation:
here, p c is the critical pressure of moisture equal to 218 atm; T is the difference between the critical temperature of moisture (374.2K ) and T ; parameters a, b, c and d are defined as: 3.24, 5.87×10 −3 , 1.17×10 −8 , 2.19×10 −3 , respectively.
3) PARAMETERS SETTINGS
During the process of calculation and simulation, the parameter shown in Table 2 were used and set in the simulation model. Out of Table 2 , in the calculation and simulation process, the undetermined parameters were experimental temperature, moisture content of insulation oil and the initial moisture content of capacitor core. 
4) MESH GENERATION
In this paper, the computational meshes presented in Figure 5 were generated by the method of free triangulation mesh. Restricted by the layout, only the computational meshes in the ends were given in Figure 5 . The total computational meshes contain 69584 units, and the average quality of the units is 0.758. 
5) COMPUTATIONAL INFORMATION
Regarding the computational information, the simulations were done on the workstation, equipped with a server Inter(R) Xeon (R) CPU E5-2670 v2@ 2.50 GHz and 128 GB RAM.
C. EXPERIMENT AND MODEL VERIFICATION
For testifying the established simulation model, a verification experiment was conducted in laboratory as follows. Karamay 25# naphthenic oil, a widely used insulation oil, was employed in our experiments, which is also the same type of insulation oil used in the production of the 110 kV OIP bushing. The insulation oil was placed in a rectangular container made by acrylic to allow moisture absorption, and the environmental conditions were controlled to be 70% RH (relative humidity) and 25 • C. Finally, after getting the equilibrium of moisture in insulation oil, the moisture content of insulation oil was also measured to be 61 ppm. Additional, another 110 kV OIP bushing was dismantled. Meanwhile, for obtaining the initial value of C 0 , insulation paper was sampled from the capacitor core, and then the moisture content was measured to be 0.57%. Afterwards, the capacitor core was placed in the rectangular container and immersed in the insulation oil. The environmental conditions were also controlled to be 70% RH (relative humidity) and 25 • C. After 30 days, at the flange section, the insulation paper rounds were sampled along the radial direction. In order to improve the accuracy of verification, the insulation paper rounds were sampled as small as possible. To ensure the repeatability of the experiments and validity of the tested results, each sample was prepared in triplicate, and each test was repeated two times. Then, the moisture contents of sampled insulation paper rounds were measured. According to IEC60814 standards [26] , Karl Fischer Coulometer C20 (Mettler Toledo Ltd.) was used to measure the moisture contents of insulation oil and insulation paper in our experiment.
In addition, submitting the initial values of parameters (i.e., Temperature 298 K, moisture content of insulation oil 61 ppm and initial moisture content of capacitor core 0.57%) into the simulation model, then the calculated curves of moisture distribution can be obtained. Figure 6 shows the measured and simulated results of moisture contents for sampled insulation paper. Out of Figure 6 , the simulated results are close to the tested results. Furthermore, the average relative error between tested and simulated results is less than 5%. Therefore, it can be concluded that the established simulation model is reasonable and suitable. Actually, the distribution of moisture content in oil-paper insulation is affected by many factors. These factors were also considered in our research plan, and the presented paper was the results of our preliminary studies. In this paper, the internal and external conditions of OIP bushing were relative simplicity, namely, the OIP bushing was assumed to be in a constant environment, which reduced the difficulty of the verification experiment and simulation. Thus, the calculation results were consistent with the tested results well.
III. CHARACTERISTICS OF TRANSIENT MOISTURE DISTRIBUTION IN CAPACITOR CORE
In this section, simulations were conducted for different conditions based on the established model, and then the characteristics of transient moisture distribution in capacitor core were discussed and obtained.
A. MOISTURE DISTRIBUTION FOR DIFFERENT DIFFUSION TIME
In this condition, the temperature set in the simulation was 50 • C, and the moisture contents of insulation oil were set to be 18 ppm. Then, on the basis of Eq. (3), the corresponding equilibrium moisture contents of insulation paper can be obtained as 2%. The diffusion time was set to be 10 days, 50 days and 100 days respectively. The initial moisture content of capacitive was 0.57%. Figure 7 shows the three dimensional moisture diffusion for each diffusion time. It can be seen from Figure 7 that the moisture distribution in the capacitor core is always symmetrical. The initial shape of the three dimensional moisture diffusion is like a valley, and then it transforms into the shape of a waterfall with the increasing of diffusion time.
Taking the moisture distribution at the flange section as an example, the radial moisture distribution curves for different time can be seen in Figure 8 (a). Moreover, taking the moisture distribution at the zero electrode as an example, the axial moisture distribution curves for different time can be seen in Figure 8 (b). Out of Figure 7 and Figure 8(a) , along the radial direction, with the increasing of diffusion time, the moisture contents of insulation paper reach equilibrium from the external layer to the inner layer gradually. Out of Figure 7 and Figure 8(b) , along the axial direction, the distribution of moisture content is like quadratic function curve. With the increasing of diffusion time, the symmetry axis of the moisture distribution does not change, i.e., the abscissa value of the vertex does not change. However, the ordinate value of the vertex increases. Besides, since the moisture contents at the boundaries remain unchanged, the opening size of the moisture distribution curve increases gradually. For the moisture distribution changes in different parts of OIP bushing, it is not synchronous in terms of time, but the order of each state is similar. 
B. MOISTURE DISTRIBUTION FOR DIFFERENT MOISTURE CONTENTS OF INSULATION OIL
In this condition, the temperature set in the simulation was 50 • C. The moisture contents of insulation oil were set to be 18 ppm, 45 ppm, 60 ppm and 75 ppm respectively. Then, on the basis of Eq. (3), the corresponding equilibrium moisture contents of insulation paper can be obtained for each sample as follows: 2%, 4%, 5% and 6% respectively. The initial moisture content of capacitive was 0.57%. The essence of moisture diffusion form insulation oil to insulation paper is a mass transfer issue controlled by concentration difference, temperature, diffusion factor. Hence, the different moisture content in insulation oil indicate different concentration differences, i.e., different moisture invasion strengths from environment at the same condition.
Taking the moisture distribution at the flange section as an example, the radial moisture distribution curves for different moisture invasion strengths can be seen in Figure 9 (a). In addition, taking the moisture distribution at the zero electrode as an example, the axial moisture distribution curves for different moisture invasion strengths can be seen in Figure 9 (b). Out of Figure 9 , the specific changing amounts of moisture distributions are different under different conditions, however, the changing trends of moisture distribution with time are similar for the samples immersed in the insulation oil with different moisture contents. Namely, the differences of moisture content in insulation oil (i.e., different moisture invasion strengths) mainly affect the changing amounts. By comparing the results at 100 days, it can be seen that the equilibrium region obviously decreases with the increasing of the moisture content of insulation oil (i.e., different moisture invasion strengths). Additionally, with the same diffusion time, the moisture content of insulation paper increases with the increasing of the moisture content of insulation oil, which is consistent with the characteristics of moisture diffusion in pure oil-paper insulation [27] .
C. MOISTURE DISTRIBUTION FOR DIFFERENT TEMPERATURES
In this condition, the temperature set in the simulation was 40 • C, 50 • C, 60 • C and 70 • C respectively. The moisture content of insulation oil was set to be 40 ppm. Then, on the basis of Eq. (3), the corresponding equilibrium moisture contents of insulation paper can be obtained for each temperature as follows: 5%, 3.6%, 2.5% and 1.7% respectively. The initial moisture content of capacitive was 0.57%.
Taking the moisture distribution at the flange section as an example, the radial moisture distribution curves for different temperatures can be seen in Figure 10(a) . In addition, taking the moisture distribution at the zero electrode as an example, the axial moisture distribution curves for different temperatures can be seen in Figure 10(b) . Out of Figure 10 , the specific changing amounts of moisture distributions with diffusion time are different for the samples in different temperatures. However, the changing trends of moisture distribution with time are also similar. For the samples with the same diffusion time, the moisture content of insulation paper decreases with the increasing of temperature, which is also consistent with the characteristics of moisture diffusion in pure oil-paper insulation [27] . Additionally, out of the results at 100 days, the equilibrium region obviously increases with the increasing of temperature.
IV. EFFECTS OF MOISTURE ON ELECTRIC FIELD A. SIMULATION MODEL
On the basis of the established model shown in Figure 3 , the simulation model for the electric field was established as shown in Figure 11 . In order to simulate the actual working conditions and to get the simulation results as accurate as possible, two rectangular areas were set up to simulate the air and the transformer tank respectively. The width of both rectangles is far greater than the outer diameter of the bushing. The sum of the lengths of the oil pillow and the up porcelain is the axial length of the air zone, and the axial length of the transformer tank equals to the length of the low porcelain. In the designing process of capacitor core, the main part of each layer is wound by aluminum foil to homogenize the electric field. Although the moisture would change the axial electric field strength of each layer, the axial electric field of each layer is always forced to keep consistent by the aluminum foil. In our studies, the electric field distribution along the radial direction is the key issue. Table 3 shows the values of relative permittivity (ε r ) for different materials used in the simulation model for OIP bushing with moisture content of 0.57% (i.e., dry status). In the simulation model given in Figure 11 , the following conditions and boundaries were considered and employed:
The potentials of conductive tube and grading ring were both set to be high potential. Besides, the potential of the zero electrode was also set to be high potential due to it connects the conductive tube directly. The voltage applied to the bushing is 63 kV (phase voltage). The outmost electrode and the flange were grounded, and the potentials of these parts were set to be zero. For convenience of calculation, the potentials of the outmost boundaries of air rectangular and transformer tank were set to be zero potential.
In addition to the zero electrode and the outmost electrode, the electrodes in the capacitor core were all set to floating potentials to make the voltage and electric field uniform. Figure 12 shows the electric field distribution of the 110 kV OIP bushing which is in dry status. The potential distribution can be seen in Figure 12(a) . Since the grading ring connects the conductive tube directly, the grading ring withstands high potential, and the potential decreases gradually outside the grading ring. Besides, high potential is induced in the insulation oil and oil-immersed insulation paper near the grading ring. Taking the section near the flange as an example, the radial potential distribution of capacitor core can be obtained as shown in Figure 12 (a). Then, radial distribution of electric field can be obtained. Along the axial direction, the potential values of different points at the same electrode are the same. Along the radial direction, under the effects of the aluminum foil, the radial electric field is large at both ends (i.e., zero and outmost electrodes) and small in the middle. Moreover, the specific cure for radial electric field can be seen in Figure 12 (b). Out of Figure 12(b) , the curve of radial electric field is a typical U-shape, which is consistent with the basic design rule [3] .
B. ELECTRIC FIELD DISTRIBUTION IN DRY STATUS

C. EFFECTS OF MOISTURE ON THE ELECTRIC FIELD
In this section, the temperature set in the simulation was 50 • C. The moisture contents of insulation oil were set to be 18 ppm, 45 ppm, 60 ppm and 75 ppm respectively. Then, on the basis of Eq. (3), the corresponding equilibrium moisture contents of insulation paper can be obtained for each sample as follows: 2%, 4%, 5% and 6% respectively. The initial moisture content of capacitive was 0.57%. Then, on the basis of the moisture diffusion model given in Sec. II, the moisture distribution status at 100 days for each sample can be obtained. As shown in Figure 13 , according to the moisture distribution of the capacitor core, the capacitor core was divided into 42 non-overlapping calculation zones. Figure 13 (a)-(d) represent four parts from left to right in Figure 4 respectively. The difference of moisture content between adjacent zones is between 0.01% and 0.1%. Since the effects of moisture on the electric field were caused by the changes of relative permittivity of oil-immersed insulation paper, the electric field of capacitor core with different moisture distributions can be simulated by changing the relative permittivity of insulation paper for the 42 non-overlapping calculation regions. At 50 • C, the permittivity of oil-immersed insulation paper for different moisture contents can be obtained from the following equation:
here, ε r_OIP is the relative permittivity of oil-immersed insulation paper and m.c. _OIP is the moisture content of oilimmersed insulation paper in %. The Eq. (7) was an experimental expression obtained by fitting the measured results shown in Figure 14 . Out of Figure 14 , the relative permittivity of oil-immersed insulation paper for different moisture contents were measured, and then the results were fitted to obtain the experimental expression. Under the same condition, the different moisture contents of insulation oil express different concentration differences, i.e., different moisture invasion strengths from environment. Taking the distribution of electric field at the flange as an example, Figure 15 (a) shows the radial distribution of electric field of the 110 kV OIP bushing. Out of Figure 15(a) , compared with the curve in dry status, the shapes of the curves for different equilibrium moisture contents all change from U-shape to V-shape. In addition, with the increasing of equilibrium moisture content, the difference of the electric field strength between the largest and the smallest increases. Moreover, the point with the smallest electric field strength tends to move towards to the outmost electrode. The electric field strength of the zero electrode gradually increases with moisture content increasing, and the difference of the electric field strength between the zero and outmost electrodes also increases. The changes of equilibrium moisture content do not have obvious effects on the electric field strength of the outmost electrode.
The moisture diffusion time indicates the degree of moisture invasion at the same condition. Taking the OIP busing with the equilibrium moisture content of 4% as the example, Figure 15 (b) shows the radial distribution of electric field at the flange for different moisture diffusion time. Out of Figure 15(b) , compared with the curve in dry status, the shapes of the curves for different diffusion time all change from U-shape to V-shape. Particularly, with the increasing of diffusion time, the smallest electric field strength decreases, however, the location of the point with the smallest electric field strength does not change. In addition, the electric field strength of the zero electrode increases first and then remains unchanged basically with the diffusion time increases. The changes of diffusion time do not have obvious effects on the electric field strength of the outmost electrode.
V. DISCUSSION
The basic idea of designing the capacitor core is to ensure that the potential shift flux of each layer is constant [3] , which can be expressed as:
here, D n is the potential shift flux of nth layer, S n is the area of nth layer, E rn is the radial electric field strength of nth layer, r n is the radius of nth layer, l n is the length of nth layer and n = 1, 2, 3, . . . .. In addition, the capacitor core used in our studies was designed by iso-capacitance method, i.e., the capacitance of each layer is the same when the OIP bushing is in dry status. Namely:
2π ε r ε 0 l 1 ln r 1
2πε r ε 0 l n ln r n r n−1 C n (9) here, C n is the capacitance of nth layer. Eq. (9) can be testified by the data shown in Table 1 . Then, the voltage of each layer can be expressed as:
here, C total is the total capacitance of capacitor core, and U is the applied voltage. The radial electric field strength for each layer can be calculated by:
E rn = U n r n ln r n r n−1 (11) Then, according to Eqs. (9), (10) and (11) , the following can be obtained:
Generally, when the studied OIP bushing is in dry status, the following characteristics can be obtained from the view of design: 1) the capacitance of each layer is the same; 2) the voltage of each layer is the same; and 3) the potential shift flux of each layer is the same. According to Eq. (7), we can find that in the studied range of moisture content, there is a positive correlation between the permittivity of oil-immersed insulation paper and the moisture content. Thus, the distribution of permittivity is positively related to moisture distribution. Then, under the effects of transient moisture distribution, the permittivity of oil-immersed insulation paper would be non-uniform distribution, which is an important parameter in above equations. In addition, according to Figure 9 , the moisture distribution is non-uniform in both the radial and axial directions, leading to non-uniform and complex distribution of permittivity.
Then, qualitatively compared with the characteristics of OIP bushing in dry status, the following points would be caused directly by the non-uniform distribution of the permittivity: 1) according to Eq. (9), the capacitance of each layer is not the same anymore; 2) the total capacitance of capacitor core would change; 3) according to Eq. (10), the voltage of each layer is not the same anymore; 4) according to Eq. (12), the radial electric field strength for each layer would change, and the shape of electric field curve changes from U-shape to V-shape; and 5) according to Eqs. (8) and (12), the value of constant in Eq. (8) would change, however, the potential shift flux of each layer is always consistent. Overall, the purpose of the manuscript is to obtain the basic characteristics by simulation, and the specific and quantitative reasons for the effects of moisture distribution on the electric field will be studied in our following studies.
VI. CONCLUSION
Moisture is one of the most serious factors that affect the insulation status of OIP bushing. In this paper, the OIP bushing was assumed to be in a stable and simplicity condition, and then the transient moisture distribution and effects on the electric field were studied. The following conclusions can be obtained:
1) The moisture distribution in the capacitor core is basically axially symmetrical. Along the axial direction, the moisture distribution is like a quadratic function curve. With the increasing of diffusion time, the symmetry axis of the moisture distribution does not change obviously, and the opening size of the moisture distribution curve increases gradually. The moisture content of insulation oil and temperature don't obviously affect the changing trends of moisture distribution with time.
With the same diffusion time, the equilibrium region decreases with the increasing of moisture content in insulation oil, however, it increases with the increasing of temperature. 2) Under the effects of moisture, the shape of electric field curve occurs distortion. With increasing the equilibrium moisture content, the difference of electric field strength between the largest and the smallest increases. Meanwhile, the point with the smallest electric field strength moves to the outmost electrode. The electric field strength of the zero electrode increases with the increasing of equilibrium moisture content. However, the increasing of moisture content cannot obviously affect the electric field strength of the outmost electrode. 3) For the same equilibrium moisture content, the smallest electric field strength decreases with increasing the diffusion time. Additionally, the electric field strength of the zero electrode increases first and then remains unchanged basically. However, the diffusion time cannot obviously affect the electric field strength of outmost electrode. Actually, the distribution of moisture content in oil-paper insulation is affected by many factors. The presented results provide a preliminary realization to the moisture distribution and effects on the electric field for OIP bushing. After obtaining the basic characteristics, the complex factors will be considered in our following studies, such as the effects of the non-uniform distribution of temperature, the aging status and the impulsive load.
